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Abstract
The recently observed direct CP violation in Bd → K+π− has raised suggestions of possible new physics. A robust test of
the standard model vs. new physics is its prediction of equal direct CP violation in Bs → K−π+ decay. CPT invariance requires
the observed CP violation to arise from the interference between the dominant penguin amplitude and another amplitude with
a different weak phase and a different strong phase. The penguin contribution to Bd → K+π− is known to be reduced by a
CKM factor in Bs → K−π+. Thus the two branching ratios are very different and a different CP violation is expected. But
in the standard model a miracle occurs and the interfering tree diagram is enhanced by the same CKM factor that reduces the
penguin to give the predicted equality. This miracle is not expected in new physics; thus a search for and measurement of the
predicted CP violation in Bs → K−π+ decay is a sensitive test for a new physics contribution. A detailed analysis shows this
prediction to be robust and insensitive to symmetry breaking effects and possible additional contributions.
 2005 Published by Elsevier B.V. Open access under CC BY license.1. Introduction—conditions for conclusive tests
for new physics
The recent discovery of direct CP violation in
Bd → K+π− decays has raised the question of
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Open access under CC BY licewhether this effect is described by the standard model
or is due to new physics beyond the standard model
[1]. Unfortunately a quantitative standard model pre-
diction for the CP violation is impossible because of
its dependence upon strong phases which cannot be
calculated from QCD in the present state of the art.
A general theorem from CPT invariance shows [2]
that direct CP violation can occur only via the inter-
ference between two amplitudes which have differentnse.
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also for all contributions from new physics beyond the
standard model which conserve CPT. Thus the exper-
imental observation of direct CP violation in Bd →
K+π− and the knowledge that the penguin amplitude
is dominant for this decay require that the decay am-
plitude must contain at least one additional amplitude
with both weak and strong phases different from those
of the penguin. The question now arises whether this
additional amplitude is a standard model amplitude or
a new physics amplitude.
A natural check for this question is to examine
other related decays. The absence of CP violations
found in the charged decay B+ → K+π0 immediately
raised suggestions for new physics [1]. However, the
reasons for relating the charged and neutral decays are
not really serious. Although only the spectator quark
is different, the CP violation can very different.
A more serious and detailed investigation [3] has
recently been presented. Here we propose checking
specifically those other decays where the standard
model predicts an equal or related direct CP violation
and where the prediction satisfies the following two
conditions:
(1) If experiment agrees with the prediction it will
be difficult to find a new physics explanation. Thus
new physics is ruled out for this particular direct CP
violation.
(2) If experiment disagrees with the prediction it
will be difficult to fix up the standard model to explain
the disagreement.
This leads directly to the Bs → K−π+ decay,
whose branching ratio is much smaller than that for
Bd → K+π−, and where the CP violation might be
expected to be very different. Yet the standard model
predicts equal direct CP violation.
We first note that the equality follows from a “mira-
cle” which occurs in the standard model and is not ex-
pected in common new physics models; namely a rela-
tion [4] between the CKM matrix elements, in which
the tree diagram contribution is enhanced by exactly
the same factor that the dominant penguin contribu-
tion is reduced. Thus although the branching ratio for
the Bs decay which depends upon the dominant pen-
guin contribution is reduced relative to the Bd decay,
the direct CP violation remains the same.This miracle is specifically relevant to the stan-
dard model and not expected if the CP violation arises
from interference between the penguin contribution
and a new physics contribution without the same de-
pendence upon CKM matrix elements.
If on the other hand the experiment disagrees
strongly with the prediction we note and will show
below that the prediction depends upon minimum as-
sumptions whose validity can be carefully checked. It
will be very difficult to “fix” the standard model to
explain the disagreement.
Thus the experimental search for CP violation in
Bs → K−π+ decay can provide convincing crucial
information regarding the presence or absence of new
physics in these decays.
To put this argument on a firm foundation we gen-
eralize the U-spin symmetry prediction [4,5] that the
recently observed direct CP violation in the Bd →
K+π− decay must be matched by approximately
equal direct CP violation in Bs → K−π+ decay, even
though the branching ratios can be very different. The
result for this particular decay to charge conjugate
final states can be obtained by standard model ar-
guments which do not require full SU(3) or U spin
symmetry, are nearly independent of detailed models
and require only charge conjugation invariance for all
final state rescattering.
2. Simplifications in Bd → K+π− and
Bs → K−π+ decays
The particular Bd → K+π− and Bs → K−π+ de-
cays are much simpler than the other decays consid-
ered [4] in the full U-spin multiplets.
(1) The final states are charge conjugate. All strong
final state rescattering and their relative phases remain
related by the unbroken charge conjugation symmetry.
(2) The final states are isospin mixtures with a rel-
ative phase between the two isospin amplitudes which
is changed in an unknown manner by strong final state
rescattering. Unbroken charge conjugation invariance
preserves the phase relations between transitions to
charge conjugate states. SU(3) symmetry breaking de-
stroys phase relations between transitions to U-spin
rotated states that are not charge conjugate; e.g. be-
tween Kπ , ππ and KK¯ states.
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in these decays with one and only one quark of this fla-
vor in both the initial and final states. This eliminates
all diagrams in which the spectator quark participates
in the weak vertex.
These simplifications enable a much more robust
derivation of the standard model prediction. Experi-
mental violations will provide much more robust in-
dications of new physics than other previously cited
indications for new physics [1] based on predictions
which assume U-spin symmetry, factorization or ne-
glect of certain diagrams.
These simplifications are not present in the charged
decay B+ → K+π0 where the final state can con-
tain two u quarks which have the same flavor as the u
spectator quark. In this decay other diagrams can oc-
cur with participation of the spectator quark; e.g. the
annihilation diagram and the color-suppressed tree di-
agram. These both depend upon the same CKM matrix
elements as the color-favored tree diagram. Thus al-
though they can be small in comparison with the dom-
inant penguin diagram, they can easily combine with
the smaller color-favored tree diagram to produce a to-
tal amplitude proportional to the same CKM matrix
factor as the tree diagram with a very different strong
phase and therefore a very different CP violation.
3. Simplifications from CKM properties and
charge conjugation invariance
General properties of the CKM matrix in the stan-
dard model show [4] that the amplitude for the Bd →
K+π− decay is the sum of two amplitudes propor-
tional respectively to the products of CKM matrices
V ∗ub · Vus and V ∗cb · Vcs ,
(1)
A(Bd → π−K+) = V ∗ub · Vus · Td + V ∗cb · Vcs · Pd,
where Td and Pd are two independent amplitudes la-
beled to correspond with the tree and penguin am-
plitudes in the conventional description, but with no
dynamical assumptions. Eq. (1) is identical to Eq. (2)
of Ref. [4], with the amplitudes Au and Ac of Ref. [4]
replaced by T and P . The corresponding charge con-d djugate amplitude is
(2)
A(B¯d → π+K−) = Vub · V ∗us · T¯d + Vcb · V ∗cs · P¯d ,
where T¯d and P¯d are two more independent ampli-
tudes.
The direct CP violation observed is proportional to
the product Im(V ∗ub · Vus · Vcb · V ∗cs).
Similarly, the amplitudes for the Bs → K−π+ de-
cay and the charge conjugate decay can be written
(3)
A(Bs → π+K−) = V ∗ub · Vud · Ts + V ∗cb · Vcd · Ps,
(4)
A(B¯s → π−K+) = Vub · V ∗ud · T¯s + V ∗cb · Vcd · P¯s ,
where Ts , Ps , T¯s , and P¯s are all independent ampli-
tudes. Our Eqs. (1)–(4) differ from the corresponding
equations (4)–(7) of Ref. [4] by keeping all eight am-
plitudes independent and not introducing the SU(3)
symmetry assumptions of Ref. [4].
The direct CP violation hopefully to be observed is
proportional to the product Im(V ∗ub · Vud · Vcb · V ∗cd).
Although the individual terms in the Bd and Bs de-
cays are very different and the branching ratios for
the Bd → K+π− and Bs → K−π+ decays are very
different, Gronau has shown [4] that the two relevant
products of CKM matrix elements satisfy the relation
(5)
Im
(
V ∗ub · Vud · Vcb · V ∗cd
) = − Im(V ∗ub · Vus · Vcb · V ∗cs
)
.
Since the strong interactions for the transition be-
tween the quark level and the final hadron states are
invariant under charge conjugation, and the final states
are charge conjugate, all relevant products of TP am-
plitudes can be expected to be approximately equal
and the CP violation to be approximately equal for the
two transitions. The validity of this assumption of ap-
proximate equality is discussed in detail below.
We now first show how this equal CP violation fol-
lows from the conventional description in which the
two terms are called penguin and tree diagrams and
the Bd → K+π− and Bs → K−π+ decays are U-spin
mirrors related by SU(3). We then present a more gen-
eral derivation in which the detailed dynamics of the
two terms are not needed, all diagrams proportional to
these two CKM factors are automatically included and
full SU(3) symmetry is not required.
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A large number of SU(3) symmetry relations be-
tween Bd and Bs decays to charge conjugate final
states [6] were obtained by extending the SU(3) sym-
metry relations found by Gronau et al. [7]. This can be
seen at the quark level by noting the quark couplings
in the penguin and tree diagrams for Bd → K+π− and
Bs → K−π+ decays related by the d ↔ s U-spin [8]
Weyl reflection:
Bd(b¯d) →penguin (s¯dG) →strong K+π−,
(6)Bs(b¯s) →penguin (d¯sG) →strong K−π+,
Bd(b¯d) →tree (us¯)(u¯d) →strong K+π−,
(7)Bs(b¯s) →tree (ud¯)(u¯s) →strong K−π+.
Although the weak penguin and tree transitions
from the initial state to the intermediate quark state
are very different for Bd and Bs decays, the sub-
sequent strong hadronizations from the intermediate
quark state to the final hadronic state are strong inter-
actions approximately invariant under SU(3) and its
U-spin subgroup and exactly invariant under charge
conjugation. They are expected to be equal for the
Bd and Bs transitions into final states which are both
U-spin mirrors and charge conjugate. The analysis of
SU(3) relations in B decays has recently been updated
[4,5,9] and applied to CP asymmetries in Bd and Bs
decays. However, the particular role of charge conju-
gate final states has not been emphasized.
The penguin and tree contributions to Bd and Bs
decays are proportional to very different CKM factors
and have different strong interactions. These differ-
ences introduce unknown parameters in any analysis.
Thus even though the strong interactions are approxi-
mately invariant under SU(3) and its U-spin subgroup
and are exactly invariant under charge conjugation, the
branching ratios and decay rates for the Bd and Bs
decays depend upon unknown combinations of the dif-
ferent tree and penguin amplitudes.
However, Gronau’s theorem (5) shows [4] that the
products of the tree and penguin contributions for Bd
and Bs decays relevant to direct CP violation are ap-
proximately equal with opposite sign. Thus the direct
CP violation observed in Bd → π−K+ is related to
the as yet unobserved CP violation in B → π+K−.s5. Possible complications from other diagrams
like charming penguins
A very different approach often called “charming
penguins” suggests significant contributions from fi-
nal state interactions which produce a Kπ final state
by strong rescattering from a D∗D¯∗s intermediate state
[10]. It is difficult to obtain a reliable quantitative es-
timate of these contributions along with their sensi-
tivity to U-spin breaking, in particular for the strong
phase which is crucial for CP violation. But these
contributions can be appreciable [10]. The experimen-
tal branching ratio [11] for Bd → D∗+D¯∗s is a thou-
sand times larger than the branching ratio for Bd →
K+π−,
BR
(
Bd → D∗+D¯∗s
) = (1.9 ± 0.5)%,
(8)BR(Bd → K+π−)(1.85 ± 0.11) × 10−5.
Thus a very small rescattering of this large ampli-
tude can have a serious effect on the strong interaction
phase of the B → Kπ penguin amplitude. Our present
treatment avoids any quantitative estimate of the de-
tailed dynamics of “charming penguins”. The sum of
all such contributions which are tree diagrams pro-
ducing a cc¯ pair subsequently annihilated by a strong
final state interaction is called an “effective penguin
diagram” because its dependence on the CKM matrix
elements is the same as that of the normal penguin,
Bd(b¯d) →peng eff (c¯d)(cs¯) →strong D¯∗−D∗s
(9)→strong K+π−,
Bs(b¯s) →peng eff (c¯s)(cd¯) →strong D∗+D¯∗s
(10)→strong K−π+.
All our subsequent analysis holds when the contri-
bution of this “effective penguin” diagram is included.
However other results for direct CP violation which
depend upon U-spin relations between transitions to
states which are not charge conjugates can suffer seri-
ous errors due to SU(3) symmetry breaking. A sym-
metry breaking which produces effects of order 10 or
20 per cent in branching ratios can produce large ef-
fects in relative strong phases which are crucial for
direct CP violations.
In particular we note that the “effective penguin”
contribution to B → π+π− of the U-spin analogd
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Bd(b¯d) →peng eff (c¯d)(c¯d) →strong D∗+D¯∗−
(11)→strong π+π−
is expected to be much less than in the case of Bd →
K+π−. The experimental branching ratio [11] for
Bd → D∗+D¯∗− is only 180 times larger than the
branching ratio for Bd → π+π− instead of a thou-
sand,
BR(Bd → D∗+D¯∗−) = (8.7 ± 1.8) × 10−4,
(12)BR(Bd → π+π−) = (4.8 ± 1.8) × 10−6.
6. A general formulation with minimum
assumptions
We now present a general formulation with the
minimum assumptions necessary to predict the CP vi-
olation to be observed in Bs → π−K+.
The following simplifying features of the Bd →
π−K+ and Bs → π+K− decays enable relating these
decays without the U-spin assumptions needed in the
general case.
(1) The spectator flavor is conserved in the transi-
tion and cannot participate in a weak transition which
necessarily involves flavor change. Thus the weak
transition involves only a weak b → qf UU¯ or b¯ →
q¯f UU¯ decay, where U denotes either u, c or t and qf
denotes s for Bd decays and d for Bs decays.
(2) Each decay amplitude can be described by two
terms proportional to two different products of CKM
matrices. This is a general result following from the
flavor properties of the three b or b¯ decays noted above
and the unitarity of the CKM matrix. This description
is expressed formally by Eqs. (1)–(4) where the labels
T and P by analogy to the tree and penguin labels
in the conventional description imply no assumption
of tree or penguin dynamics. Eqs. (1)–(4) include all
possible additional amplitudes allowed by the standard
model including electroweak and charming penguins.
(3) Direct CP violation can be observed only if the
squares of these amplitudes contain a product of two
CKM matrix elements with different weak phases and
different strong phases.
(4) Only four independent products of four CKM
matrix elements are relevant to direct CP violation.(5) Our knowledge of QCD does not yet enable
calculating strong phases; however, the experimental
observation of direct CP violation in Bd → π−K+ de-
cays provides the information that the two terms must
have different strong and weak phases.
So far there are no additional assumptions beyond
those in the standard model. We now list our other ba-
sic assumptions:
(1) The amplitudes for all these decays factorize
into a weak transition described by products of CKM
matrices and a strong factor invariant under charge
conjugation. Thus for transitions to two charge con-
jugate final states denoted by f and f¯
Td(f ) = T¯d (f¯ ) ≡ T (f ),
(13)Pd(f ) = P¯d(f¯ ) ≡ P(f ).
(2) The mass difference between Bs and Bd is ne-
glected. Thus decays to the same and to charge con-
jugate final states have the same energy for Bs and
Bd decays and the same strong decay factors T (f )
and P(f ),
Ts(f ) = T¯s(f¯ ) = T (f ),
(14)Ps(f ) = P¯s(f¯ ) = P(f ).
(3) We neglect some hopefully small other U-spin-
breaking effects arising from the Bs–Bd mass differ-
ence and the difference between pion and kaon form
factors.
• The mass difference produces intermediate quark
states and final Kπ states with slightly different ener-
gies and momenta. We neglect this dependence except
for a small phase space correction.
• All transitions involve the product of a pion form
factor and a kaon form factor. These form factors are
all equal in the U-spin symmetry limit and differ-
ences arising from symmetry breaking have been ana-
lyzed [4]. The tree-penguin interference term relevant
to direct CP violation is proportional to the product
of four form factors, one of which is a pointlike form
factor of the meson created from a qq¯ pair produced
at the weak vertex of the tree diagram and the other
three are hadronic. The dominant symmetry-breaking
in these products between Bd and Bs decays is in the
difference between the products of a pointlike kaon
and a hadronic pion form factor for B decay and of ad
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decay. We neglect this symmetry-breaking here, but
note that the error introduced is expected to be real
and not change the relative phase of diagrams which
is crucial for CP violation. The error can also be esti-
mated from simple models or determined from other
experiments [4].
• These are the only assumptions slightly related to
U-spin. No other symmetry between pions and kaons
is assumed.
(4) The CKM matrices satisfy [4] Gronau’s theo-
rem (5).
We can immediately conclude that the strong and
weak relative phases of the two terms in the Bd →
π−K+ decay amplitude are equal to the correspond-
ing relative phases in the Bs → π+K− decay ampli-
tude, even though the magnitudes of these amplitudes
are very different.
We now calculate the direct CP violation explic-
itly. Because the CKM factors are different, the U-spin
symmetry breaking by the CKM matrices is different
for the tree and penguin contributions. Thus simple U-
spin relations have not been obtained [6,7] for branch-
ing ratios of transitions where both contributions are
appreciable.
The direct CP violation in charmless strange Bd
and Bs decays to charge conjugate final states is in-
sensitive to these problems [4]. Direct CP violation is
proportional to interference terms which depend upon
the CKM matrix elements via the products related by
Gronau’s theorem Eq. (5). Thus the Bd and Bs CP vi-
olations each depend upon a single CKM parameter,
products insensitive to the ratio of the tree and penguin
contributions and related by Eq. (5). The CP viola-
tions in Bd and Bs decays to states which are charge
conjugates and U-spin mirrors thus depend to a good
approximation on equal single parameters.
Squaring Eqs. (1)–(4) and substituting Eqs. (13)–
(14) give the direct CP violations for Bs → K−π+
and Bd → K+π−
∣∣A(Bd → π−K+)
∣∣2 − ∣∣A(B¯d → π+K−)
∣∣2
(15)= 4 Im(V ∗ub · Vus · Vcb · V ∗cs
) · Im(T · P ∗),
∣∣A(Bs → π+K−)
∣∣2 − ∣∣A(B¯s → π−K+)
∣∣2
(16)= 4 Im(V ∗ub · Vud · Vcb · V ∗cd
) · Im(T · P ∗).Eqs. (15) and (16) satisfy the CPT constraint [2] that
the direct CP violation vanishes unless the amplitude
contains two contributions for which both the weak
and strong phases are different.
Combining Gronau’s equality (5) with Eqs. (15)
and (16) gives
∣∣A(Bs → π+K−)
∣∣2 − ∣∣A(B¯s → π−K+)
∣∣2
(17)
= ∣∣A(B¯d → π+K−)
∣∣2 − ∣∣A(Bd → π−K+)
∣∣2.
Since the individual tree and penguin contributions
to U-spin conjugate Bd and Bs decays are very differ-
ent and their branching ratios and lifetimes are differ-
ent, the equality (17) does not apply to the expressions
ACP commonly used to express CP violation. Instead
we have
ACP(Bs → π+K−)
= ACP(B¯d → π+K−)
(18)· BR(Bs → π
+K−)
BR(B¯d → π+K−)
· τ(Bd)
τ (Bs)
,
where BR denotes branching ratio and τ denotes life-
time.
The same derivation applies to decays to any higher
K∗ resonance and any nonstrange isovector reso-
nance,
ACP(Bs → π∗+K∗−)
= ACP(B¯d → π∗+K∗−)
(19)· BR(Bs → π
∗+K∗−)
BR(B¯d → π∗+K∗−)
· τ(Bd)
τ (Bs)
.
Since CPT requires that the lifetimes and total
widths of the Bd and B¯d must be equal, the observed
direct CP violation (15) must be compensated by an
equal and opposite direct CP violation in other Bd de-
cays. Furthermore, since CPT requires direct CP viola-
tion to vanish in any eigenstate of the strong S matrix
[2], this compensation must occur in the set of states
connected to π+K− by strong rescattering. Since par-
ity is conserved in strong interactions this excludes all
odd parity states.
It is not clear whether this compensation is spread
over a large number of multiparticle states or is domi-
nated by a few quasi-two-body states. It will be inter-
esting to check this experimentally. In the toy model
of Ref. [2] the compensation occurs in the π0K¯0 state
132 H.J. Lipkin / Physics Letters B 621 (2005) 126–132connected to π+K− by charge exchange scattering.
The next low mass allowed state is the vector–vector
state.
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